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Analysis of the Mutations in the Active Site
of the RNA-Dependent RNA Polymerase of
Human Parainfluenza Virus Type 3 (HPIV3)
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The large protein (L) of the human parainfluenza virus type 3 (HPIV3) is the functional RNA-dependent RNA
polymerase, which possesses highly conserved residues QGDNQ located within motif C of domain III compris-
ing the putative polymerase active site. We have characterized the role of the QGDNQ residues as well as the
residues flanking this region in the polymerase activity of the L protein by site-directed mutagenesis and examin-
ing the polymerase activity of the wild-type and mutant L proteins by an in vivo minigenome replication assay
and an in vitro mRNA transcription assay. All mutations in the QGDNQ residues abolished transcription while
mutations in the flanking residues gave rise to variable polymerase activities. These observations support the
contention that the QGDNQ sequence is absolutely required for the polymerase activity of the HPIV3 RNA-

dependent RNA polymerase.
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THE large protein (L) of the human parainfluenza
virus type 3 (HPIV3), an enveloped, nonsegmented,
negative-stranded RNA virus with a genome of 15,462
nucleotides (4) comprises a protein of 2233 amino
acids with a molecular mass of 255 kDa. The L pro-
tein represents a multifunctional enzyme and is the
putative RNA-dependent RNA polymerase together
with the phosphoprotein (P), a polypeptide of 603
amino acids that acts as a cofactor (4). Sequence
alignment studies have predicted the existence of six
highly conserved domains, I-VI, in all the L proteins
of the negative-stranded RNA viruses (20,23,24,28).
The central “polymerase” module comprising the
motifs A, B, C, and D within domain III is probably
the active site for RNA synthesis. The core residues
GDN within the motif C of domain III are assumed
to correspond to the GDD residues of positive-strand
RNA viruses and M/V/IDD residues of retroviruses
with the DN (DD) residues being required for cation
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binding, template specificity, or other catalytic pro-
cesses (1). Tertiary structure comparison of the HIV-1
reverse transcriptase, a RNA-dependent DNA poly-
merase, with the L protein of the negative-stranded
RNA viruses suggested that motifs A and C possess
similar structures and are part of the catalytic site
(16,20).

Extensive studies by mutations or deletions in the
GDN residues of the polymerase subunit of several
viruses, including HIV-1 reverse transcriptase (17,
18), Bunyamwera virus L protein (15), vesicular sto-
matitis virus (29), influenza virus PB1 protein (2),
rabies virus (25), bamboo mosaic virus (19), and rab-
bit hemorrhagic disease virus (30), have demonstrat-
ed the critical importance of these residues in sustain-
ing the polymerase activity. Furthermore, within the
GDN motif the only change tolerated was replace-
ment of the asparagine (N) residue to the conserved
aspartate (D) residue. This represents a conversion of
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the “DN” signature of mononegavirales to the “DD”
signature of the reverse transcriptases and polymer-
ases of positive-stranded RNA viruses.

In the present study, we have investigated the criti-
cal role of QGDNQ residues within the L protein of
HPIV3 by performing site-directed mutagenesis to
measure the polymerase activity of the mutant HPIV3
L proteins. In addition, we have also examined the
role of the flanking residues on the functional integ-
rity of the polymerase. We have employed the HPIV3
in vivo minigenome assay to measure polymerase ac-
tivity by monitoring the luciferase reporter gene ex-
pression and an in vitro transcription assay that uti-
lizes HPIV3 N-RNA as template to measure mRNA
synthesis. We found that not only mutations of the
GDN residues of HPIV3 L protein completely abol-
ished polymerase activity, but the majority of the mu-
tations in the flanking residues also resulted in non-
functional polymerases.

MATERIALS AND METHODS

Cells and Viruses

HPIV3 (HA-1, NIH 47885) was propagated in
CV-1 cells as described previously (7,8). Recombi-
nant vaccinia virus (MVA) expressing T7 RNA poly-
merase was grown in HeLa cells.

Site-Directed Mutagenesis

Oligonucleotides harboring point mutations in the
QGDNQ residues (Fig. 1) were employed in PCR us-
ing the Expand polymerase (Roche Biochemicals, In-
dianapolis, IN). The plasmid pGEM 4-Lg g, with
FLAG epitope (DYKDDDDK) fused to the 3’ termi-
nus of the HPIV3 L gene was used as a template
for the PCR. The amplified fragments containing the
mutations were cloned into pGEM 4-Lg ¢ and di-
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deoxy sequencing was done to ensure the presence of
the mutations.

Coexpression and Immunoprecipitation of Proteins

HeLa cells in a 12-well plate were infected with
MVA at a m.o.i of 3. One hour postinfection, the
cells were transfected with the plamid DNA express-
ing pP and pLyr or pLyyr using Lipofectin (Life Tech-
nologies Inc., Rockville, MD) according to manufac-
turer’s instructions. Twelve hours posttransfection,
the medium was replaced with 2 ml of methionine-
free Dulbecco’s modified Eagle’s medium (DMEM),
and incubation was continued at 37°C. At 14 h post-
transfection the cells were labeled with 50 pCi of
[PS]methionine (1175 Ci/mmol, NEN, Boston, MA)
in 1 ml of methionine-free DMEM for 6 h. Cells were
washed with PBS and lysed in 150 pl of luciferase
lysis buffer. An aliquot of the lysate was used for
SDS-PAGE and Western blot analysis to detect the P
protein using polyclonal anti-RNP antibody. The rest
of the lysate was immunoprecipitated with anti-FLAG
antibody (Sigma, St. Louis, MO) conjugated to aga-
rose beads following the manufacturer’s protocol.
The immunoprecipitated proteins were analyzed by
SDS-PAGE, stained with Coomassie blue, dried, and
subjected to fluorography.

In Vivo Minigenome Replication
and Luciferase Assay

In vivo minigenome replication assay was studied
following the procedure of Hoffman and Banerjee (11).
Briefly, HeLLa cell monolayers in a 12-well plate,
grown to 90% confluency, were infected with recom-
binant vaccinia virus MVA, which expresses T7
RNA polymerase, at a m.o.i of 3. After 1 h at 37°C,
the HPIV3 minigenome plasmid pHPIV3-MG(-) 200
ng, and support plasmids pHPIV3-N (pN) 600 ng,
pHPIV3-P (pP) 750 ng, and wild-type HPIV3-Lyy

M769V 5' AGGGTA ACT GCA GTG GTT CAA GGA GAT
V7701 5" GTA ACT GCA ATG ATT CAA GGA GAT AAT
Q771A 5" ACT GCA ATG GTT GCA GGA GAT AAT CAA
G772A 5' GCA ATG GTT CAA GCA GAT AAT CAA GCT
D773A 5" ATG GTT CAA GGA GCA AAT CAAGCT ATA
N774A 5" GTT CAA GGA GAT GCA CAA GCT ATA GCT
N774D 5" GTT CAA GGA GAT GAT CAA GCT ATA GCT
Q775A 5' CAA GGA GAT AAT GCA GCT ATA GCT GTA
AT76G 5' GGA GAT AAT CAA GGT ATA GCT GTA ACA
1777V 5' GAT AAT CAA GCT GTA GCT GTA ACA ACA

Figure 1. Sequences of the oligonucleotides used for site-directed mutagenesis of the HPIV3 L gene. The exchanged nucleotides are shown

in bold.
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(pLwr) or HPIV3 mutant L proteins (pLyyr) 100 ng
were transfected using Lipofectin (Life Technologies
Inc.) according to the manufacturer’s instructions.
After 4 h, the transfection medium was replaced with
1 ml of DMEM/10% fetal calf serum. At 28 h post-
transfection, the monolayers were lysed in 150 pl
of lysis buffer, from which 1.5 pl of lysate (equiva-
lent to 2.3 x 10° cells) was then used to determine
luciferase activity (Luciferase Assay Kit; Roche Bio-
chemicals, Indianapolis, IN) according to the manu-
facturer’s specifications using a Dynatech ML2250
luminometer.

In Vitro Transcription

HeLa cells in a six-well plate were transfected with
pP alone or in presence of pLwr or pLyyr plasmids as
described above except that six-well plate was used
and all material amounts were increased proportion-
ately. At 24 h posttransfection, the cell monolayers
were washed with ice-cold PBS and harvested by
scraping in PBS. The cells were pelleted by centrifu-
gation at 800 x g for 10 min. Cytoplasmic extracts
were prepared by lysing cells by three cycles of freez-
ing and thawing in 40 pl of hypotonic buffer contain-
ing 10 mM Tris-HCI (pH 8.0), 10 mM NaCl, and 1
mM dithiothreitol (DTT). Nuclei and cell debris were
removed by centrifugation for 5 min in an Eppendorf
centrifuge at 40°C. The soluble cytoplasmic extract
was estimated as 5 mg/ml.

N-RNA templates were prepared from HPIV3-in-
fected CV-1 cells (10%) following the procedure of
Curran et al. (6) with some modifications. Briefly,
the cells were harvested in PBS and resuspended in
5 ml of buffer containing 50 mM Tris-HCl (pH 8.0),
150 mM NaCl, 0.6% NP-40, 1% Triton X-100, and
1 mM DTT. The cells were lysed by vortexing, and
nuclei and cell membranes were removed by centrifu-
gation at 10,000 x g for 5 min. The cell extract was
made 6 mM in EDTA and layered onto a 20-40%
CsClI (w/w) gradient and centrifuged at 38,000 x g for
2 h at 12°C in an SW41 rotor. The visible N-RNA
band was collected and repurified using the CsCl gra-
dient. Finally, the N-RNA was sedimented through
40% glycerol in 50 mM HEPES-KOH (pH 8.0), 50
mM NaCl, 0.2% NP-40, I mM DTT onto a 100 pl
cushion of 100% glycerol and stored in liquid nitrogen.

The in vitro transcription reaction was performed
in a 50 pl total volume essentially as described pre-
viously by De et al. (9) and included 100 mM
HEPES-KOH, 100 mM KCl, 5 mM MgCl,, 1 mM
DTT, 1 mM each ATP, GTP, and CTP, 10 uM UTP,
20 uCi of [a-"P]JUTP, 25 U of human placental
RNase inhibitor, 5 pg of actinomycin D per ml, 2 ug

of N-RNA, and, unless otherwise stated, 10 pg of cell
extract containing L and P proteins.

RESULTS

Sequence Comparison of the L Proteins of
Nonsegmented, Negative-Stranded RNA Viruses

Multiple sequence alignment of the L-proteins of
the nonsegmented, negative-stranded RNA viruses
reveals the presence of conserved residues QGDNQ
within motif C of domain III. In the case of HPIV3
L protein these conserved residues occupy the amino
acid positions 771-775 (Fig. 2A). In addition, the
alignment exhibits a variable degree of conservation
of the flanking residues. Thus, for HPIV3 L protein,
methionine and valine occupy the upstream positions
769 and 770, respectively, while alanine and isoleu-
cine are present downstream, at positions 776 and
7717, respectively.

In order to investigate the role of the QGDNQ and

A PIV3 769 MVQGDNQ A1
SV 769 MVQGDNQ A 1
MV 769 LVQGDNQTI
CDV 769 LVQGDNQ TI
SVS 769 MVQGDNQ A I
MuV 775 MVQGDNQ A I
NDV 747 MVQGDNQ VA
VSV 710 LAQ GDNQ VI
RV 725 LAQGDNQ VL
B
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Figure 2. (A) Sequence alignment of the conserved QGDNQ motif
and the flanking residues of the L protein of negative stranded
RNA viruses. Numbers at the left indicate the position in the re-
spective L protein. The conserved QGDNQ residues are under-
lined. PIV3, human parainfluenza virus type 3 (10); SV, Sendai
virus (27); MV, measles virus (3); CDV, canine distemper virus
(28); SV5, simian virus 5 (24); MuV, mumps virus (21); NDV,
Newcastle disease virus (31); VSV, vesicular stomatitis virus (26);
and RV, rabies virus (5). (B) Sequence of the HPIV3 L protein
showing the conserved QGDNQ motif and the flanking residues.
The corresponding mutants are shown by arrows. Numbers above
the sequence indicate the position of each residue on the L protein.
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the flanking residues on the polymerase activity of
the HPIV3 L protein, point mutations were intro-
duced to alter these residues to alanine as well as
alter the flanking sequences by a conserved or a non-
conserved residue (Fig. 2B). One of the alterations
N—-D resembled the GDD sequence of the active
polymerase site of a positive-strand RNA virus (13,
14). The expression of the mutant FLAG-tagged L
proteins was monitored by coexpression with the
nontagged P protein in HeLa cells followed by meta-
bolic labeling and immunoprecipitation with anti-
FLAG antibody. All the mutant L. proteins were ex-
pressed in amounts similar to the wild-type and
formed normal L—P complexes. These results clearly
demonstrated that none of the mutations had any ef-
fect on its stability, expression, and interaction with
the P protein (Fig. 3). Thus, the mutant L proteins
were further analyzed for polymerase activity both in
vivo and in vitro.

Mutant Polymerases Exhibit Variable Activities

To investigate the polymerase activity of different
mutants, HPIV3 minigenome assay measuring the ex-
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pression of the luciferase gene flanked by the HPIV3
promoter and trailer elements (11) were utilized.
HeLa cells infected with a recombinant vaccinia vi-
rus, expressing T7 RNA polymerase, were transfected
with the minigenome plasmid pHPIV-3 MG(-), and
support plasmids pN, pP, and pLyr or pLyyr, under
the control of T7 promoter. Following transfection,
the resulting encapsidated negative sense minige-
nome RNA is transcribed by the support plasmids to
generate the sense luciferase mRNA, which subse-
quently translated to luciferase protein. Thus, mea-
surement of luciferase activity directly indicates the
replication efficiency of the minigenome in vivo. The
assay was performed in duplicate and results from
three individual experiments were calculated as per-
cent activity relative to wild-type. The luciferase gene
expression was amplified approximately 200-fold
over background levels (lacking L plasmid) in the
presence of all three support plasmids and is repre-
sented as 100% expression (Fig. 4). It is quite evident
from Figure 4 that mutations within the QGDNQ re-
sulted in almost total abrogation of the polymerase
activity. Thus, the mutants Q771A, G772A, D773A,
N774A, and Q775A failed to transcribe the luciferase
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Figure 3. Analysis of L—P complexes by immunoprecipitation using FLAG-tagged assay. The wild-type and mutant L proteins were coex-
pressed with P protein in a recombinant vaccinia virus expression system. Cells were metabolically labeled with [°S]methionine and the
labeled proteins were immunoprecipitated with anti-FLAG antibody conjugated to agarose beads and analyzed by SDS-PAGE followed by

fluorography. Arrows indicate the positions of the L and P proteins.
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Figure 4. Acitvity of mutant L proteins in minigenome replication
in vivo. The wild-type and mutant L proteins were coexpressed
with N, P proteins in the minigenome replication system along
with pHPIV3-MG(-) plasmid as described. At 24 h postinfection,
cell lysates were prepared and luciferase activity was measured
and expressed as mean of three independent experiments.

mRNA and hence no luciferase expression. In addi-
tion, one mutant, N774D, wherein asparagine was re-
placed with aspartate so as to resemble the conserved
GDD sequence of a positive-strand RNA virus poly-
merase, virtually exhibited no polymerase activity.
Interestingly, this observation is similar to the one
reported for the rabies virus L protein where a similar
replacement of asparagine to aspartate resulted in an
inactive polymerase (25). However, in contrast to ra-
bies and our observation, replacement of the similar
asparagine to aspartate in VSV resulted in 27% poly-
merase activity as measured in an in vitro transcrip-
tion assay (29). Thus, our results clearly demonstrate
that the QGDNQ motif of HPIV3 L protein is abso-
lutely indispensable to maintain its polymerase activity.

To gain insight into the role of the flanking resi-
dues on the polymerase activity of the L protein four
additional mutants were designed. The upstream resi-
dues, methionine and valine, of HPIV3 L protein
were replaced by valine and isoleucine, respectively,
to obtain mutants M769V and V7701. Similarly, ala-
nine and isoleucine residues present downstream of
the HPIV3 L protein were replaced by glycine and
valine, respectively, to generate the mutants A776G
and 1777V. The measurement of the polymerase activ-
ity of these flanking residue mutants revealed that two
mutants, M769V and A776G, were totally inactive
while V770I retained 13% activity. Surprisingly, the
polymerase activity of the mutant [777V was similar to
or greater than wild-type HPIV3 L protein (Fig. 4). In
the case of VSV and rabies virus similar variations in
polymerase activities have been reported as a result of
mutations in the flanking residues (25,29).

mRNA Synthesis Is Defective
in Mutant Polymerases In Vitro

The role of L and P proteins in mRNA synthesis
as well as the functions of the various domains of
the two proteins can also be studied by an in vitro
reconstitution system that utilizes purified HPIV3 N-
RNA depleted of endogenous RNA polymerase com-
plex, and recombinant L and P proteins. The in vitro
transcription system described by De et al. (9) was
employed to study the effect of mutations in the L
protein on the synthesis of viral mRNA. HeLa cells
were infected with recombinant vaccinia virus and
transfected with either the Ly or Lyyr in the presence
of P protein. At 24 h postinfection, cytoplasmic ex-
tract was prepared and used directly in an in vitro
transcription reaction containing purified HPIV3 N-
RNA template in the presence of [0-P]UTP as de-
scribed in Materials and Methods. The RNA products
were analyzed in a 5% urea-acrylamide gel followed
by autoradiography. As shown in Figure 5, the N-RNA
template alone (MOCK) had no RNA-synthesizing
activity while addition of an extract containing coex-
pressed Lyr and P protein (WT) resulted in an effi-
cient transcription of the genomic RNA. Cytoplasmic
extracts of transfected Lyyr and P proteins were then
analyzed for the ability to synthesize mRNA in vitro.
As shown in Figure 5, four mutants, G772A, D773A,
N774A, and N774D, were totally inactive in mRNA
synthesis. In addition, two mutants where the flank-
ing residues were mutated, M769V and A776G, were
unable to support mRNA synthesis. The in vitro ac-
tivity of two mutants, Q771A and Q775A, was close
to 5% compared with the wild-type. Interestingly, the
in vitro activities of two mutants, V7701 and 1777V,
were 10% and 105%, respectively. These values cor-
related with their in vivo luciferase activity values,
thus confirming the fact that these mutations exerted
their effect on both replication and transcription. West-
ern blot analysis of the cytoplasmic extracts contain-
ing coexpressed L and P proteins using anti-HPIV3
antibody confirmed a uniform level of expression of
both L and P proteins similar to that shown in Figure
3 (data not shown).

DISCUSSION

The pentapeptide QGDNQ constitutes the longest
continuous stretch of invariant amino acids that are
present in domain III of the RNA-dependent RNA
polymerases of the negative-stranded RNA viruses.
Sequence alignment has shown that the GDN motif
is a variant of the GDD motif of the polymerase of
positive-stranded RNA viruses, and also closely re-
sembles the SDD/MDD motif of influenza virus and
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Figure 5. In vitro transcription of mutant L proteins. The wild-type and mutant L proteins indicated were coexpressed with P protein in a
recombinant vaccinia virus expression system. Cell extracts (total protein 6 [g) containing coexpressed L and P proteins were used in
transcription reactions containing N-RNA template in the presence of [0-"P]JUTP, and the mRNA products were analyzed on a 5% polyacryl-

amide-urea gel.

human immunodeficiency virus (2,17,18). In the
present study we assessed the role of these conserved
residues in the HPIV3 L protein by site-directed mu-
tagenesis and measuring the polymerase activity of
the mutant proteins in vivo and in vitro. Our results
have demonstrated that mutations in any of the criti-
cal residues give rise to inactive polymerases, incom-
petent in replication and transcription, thus reinforc-
ing the fact that these residues are indispensable for
polymerase function. Mutational analysis of polio vi-
rus (13,14), Bunyamwera virus (15), and Qf bacte-
riophage (12) and rabies virus (25) polymerases re-
sulted in similar loss of activity. On the other hand,
replacement of asparagine (N) to aspartate (D) within
the GDN motif of VSV polymerase retained 27%
transcriptional activity compared with the wild-type
polymerase.

We also investigated the effect of mutations of the
flanking residues on the polymerase activity. Among
the two mutants that harbored mutations preceding
the QGDNQ motif, only one mutant, V7701, exhib-

ited 13% activity while the other mutant was inactive.
A similar scenario was observed with poliovirus (12,
13) and influenza virus (2), where it was shown that
the upstream residues could be variable. In contrast,
rabies virus was shown to tolerate only one change
in the flanking residues. Mutation of the downstream
isoleucine to valine, in HPIV3 L protein, to yield the
mutant I777V resulted in a fully functional polymer-
ase. In the case of VSV (29), influenza virus (2), and
rabies virus (25), several conservative changes down-
stream of the GDN/GDD motif of the polymerase also
resulted in variable polymerases activities.

In the present study, using a mutagenesis approach
we have analyzed the critical role of the invariant
QGDNQ motif on the functional activity of the HPIV3
polymerase. Currently, the three-dimensional struc-
ture based on crystallographic data is unavailable for
RNA-dependent RNA polymerases. In the absence of
the tertiary structural data on the nonsegmented, neg-
ative-stranded RNA-dependent RNA polymerases,
results from our study together with the earlier ob-
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servations clearly ascertain the importance of the
QGDNQ residues and thus provide invaluable insight
in elucidating the functions of other domains of this
multifunctional protein.
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